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Introduction
In patients with Duchenne muscular dystrophy (DMD) a characteristic pattern of respiratory functional changes is observed during childhood and adolescence. Vital capacity (VC) increases until around the age of 10 years similar to the usual development pattern, remains stable for a considerable period, then continuously falls in association with the progression of respiratory muscle weakness. The annual decrease in VC may be as much as 250 mL in the late teenage years (1) . Respiratory failure is a major cause of death in DMD patients. Without ventilatory support, the mean lifetime is about 19 years, and 73% of DMD patients die of respiratory insufficiency (2) . However, mechanical ventilation has extended patient survival time by more than five years (3) (4) (5) .
Since the tracheostomy positive pressure ventilation (TPPV) is more difficult to deliver at home than the noninvasive positive pressure ventilation (NPPV), most patients use NPPV first, and when hypercapnia cannot be managed by NPPV, they use TPPV (3) . We should monitor the degree of respiratory failure in order to start TPPV at an appropriate time. For monitoring respiratory failure, usually arterial partial pressure of carbon dioxide (PaCO2) is followed. However, often there is a difficulty in repeated blood gas analyses due to very slender arteries and articular contracture. Another reliable method for respiratory function analysis is VC measurement. In DMD patients, however, this measurement sometimes becomes inaccurate due to orbicularis oris muscle weakness, macroglossia and mental retardation.
On the other hand, the heart rate variability is a wellcharacterized, noninvasive means of assessing cardiac autonomic nervous system activity (6) . The coefficient of the R-R interval variation (CVrr) reflects parasympathetic activity CVrr, coefficient of variation of the R-R interval (%); age, years old; HR, heart rate (/min); RR, respiratory rate (/min). PaCO 2 , arterial partial pressure of CO 2 ; PaO 2 , arterial partial pressure of O 2 ; BNP, brain natriuretic peptide (pg/mL); SD, standard deviation. Statistical analyses were done with one way ANOVA and post-hoc analyses with Scheffe method. 
T a b l e 1 . Cl i n i c a l F e a t u r e s o f P a t i e n t s wi t h Du c h e n n e Mu s c u l a r Dy s t r o p h y

T a b l e 2 . Co r r e l a t i o n s b e t we e n E a c h Cl i n i c a l F e a t u r e
0.966 CVrr, coefficient of variation of the R-R interval (%); age, years; HR, heart rate (/min); RR, respiratory rate (/min). PaCO 2 , arterial partial pressure of CO 2 ; PaO 2 , arterial partial pressure of O 2 ; BNP, brain natriuretic peptide (pg/mL). Statistical analyses were done with Spearman rank correlation test. #, p < 0.01; ##, p < 0.001 and has some correlation with respiratory function (7, 8) . The above situation in DMD facilitates estimation of hypercapnia using CVrr. In this study, we investigated the relationship between CVrr and hypercapnia and propose that CVrr measurement is one of the useful methods of predicting the hypercapnia in DMD patients.
Patients and Methods
We studied 73 patients with DMD (age, 6-44 years; clinical features are shown in Table 1 ). All subjects were admitted to our hospital for evaluation of their cardiopulmonary or neurological conditions. In all patients, the diagnosis was confirmed by a genetic study (abnormality of dystrophin gene) or muscular biopsy (absence of dystrophin protein). All patients became wheelchair-bound by the age of 12. At the time of our study, 52 patients were supported by mechanical ventilation (27 by NPPV and 25 by TPPV) and 21 patients were not (No-V); none of the patients had any signs of lung diseases (e.g. pneumonia, atelectasis, lung edema and so on) on chest X-ray and/or lung computed tomography. Thirty-six patients took medications for chronic heart failure (angiotensin-converting enzyme inhibitor/angiotensin receptor blocker (ACEI/ARB) and β-blocker, 14 patients; ACEI/ARB only, 20 patients; β-blocker only, 2 patients).
CVrr, heart rate (HR), respiratory rate (RR), brain natriuretic peptide (BNP), PaCO2 and arterial partial pressure of oxygen (PaO2) were measured. Before these measurements, physical conditions in all patients had been checked. If a patient had an unusual condition (high body temperature, HR or RR abnormalities), he was excluded from the present study.
After resting in a supine position for 30 minutes or longer, a standard 12-lead electrocardiography was recorded with an ECG machine (FCP-4101; Fukuda Denshi, Tokyo, Japan), and the R-R intervals were measured for three minutes. From the recorded R-R intervals, the CVrr was obtained by dividing their standard deviation (SD) by the mean (M). Thus, CVrr (%) = (SD/M) *100. Arterial blood gas analysis was also performed just after the ECG recording.
For comparisons of each clinical feature between ventilation types, we used one-factor analysis of variation (ANOVA) and post-hoc analyses by the Scheffe method (Table 1), and Spearman rank correlation test for analysis of the relations between clinical features (Table 2).
Results
Clinical features of all the patients are shown in Table 1 . No-V patients were younger and had a higher HR than the other two patient groups. The PaCO2 of TPPV patients was lower than that of NPPV patients.
F i g u r e 1 . Co r r e l a t i o n s b e t we e n t h e c o e f f i c i e n t o f v a r i a t i o n i n t h e R-R i n t e r v a l ( CVr r ) a n d a r t er i a l p a r t i a l p r e s s u r e o f c a r b o n d i o x i d e ( P a CO2 ) i n DMD p a t i e n t s . A: Al l DMD p a t i e n t s ( n = 7 3 ) . B : DMD p a t i e n t s wi t h o u t a n y v e n t i l a t o r ( n = 2 1 ) . C: DMD p a t i e n t s wi t h NP P V ( n = 2 7 ) . D: DMD p at i e n t s wi t h T P P V ( n = 2 5 ) . CVr r wa s n e g a t i v e l y c o r r e l a t e d wi t h P a CO2 s i g n i f i c a n t l y i n a l l DMD p at i e n t s a n d i n a l l g r o u p s .
In analyses of correlations between clinical features (Table 2), there was a significant negative correlation between CVrr and PaCO2 in all patients (r=-0.573, p<0.001; Fig. 1A ) and in any groups of patients (Fig. 1B, C and D) . HR was negatively correlated with age and CVrr. As expected, PaCO2 was negatively correlated with PaO2. Between patients with and without medications for heart failure, there were no significant differences in CVrr (ACEI/ARB, F= 1.415, p=0.238; β-blocker, F=2.837, p=0.097).
To investigate whether the CVrr is useful for estimating hypercapnia in DMD patients, we classified the patients according to the CVrr and hypercapnia (Table 3 ). Here, we defined "hypercapnia" as PaCO2 greater than 45 mmHg (1, 9) , and "severe hypercapnia" as PaCO2 greater than 50 mmHg. We usually use the latter value as a critical respiratory failure, and if a patient shows this value, we should consider further respiratory support (1, 10) . In 26 DMD patients with a CVrr >5%, 4 (15%) patients were classified as having "hypercapnia". In 15 patients with a CVrr <3%, 11 (73%) had "hypercapnia" and 7 (47%) had severe hypercapnia. This tendency was observed irrespective of respirator support or not.
Discussion
The conspicuous finding of this study is that the CVrr clearly correlated with the respiratory function of the pa-tient. The low CVrr indicates that respiratory dysfunction is mainly due to hypo-ventilation.
CVrr and PaCO2
In DMD patients, CVrr was negatively correlated with PaCO2 and HR. Various factors have been reported to affect the CVrr (11) (12) (13) . In the present patients, the hypercapnia is the most probable factor to explain decreased CVrr. The direct relationship between CVrr and hypercapnia has not been studied in humans. Hypercapnia is well known to increase respiratory neuron firings in the brainstem (15, 16) and then increase the respiratory rate and volume (14, 15) as well as a reduction of parasympathetic activity (17) . Based on these studies (14-17), hypercapnia would decrease the parasympathetic nervous system activity and CVrr. In fact, in an animal study, hypercapnia decreased "high frequency" heart rate variability (8) [i.e. respiratory sinus arrhythmia as measured by spectral power (18)]. The present findings confirm that the same series of events occur in humans.
Positive pressure ventilation effects on CVrr
In an animal study, acute introduction of positive pressure ventilation sometimes increased the sympathetic activity with a small reduction of parasympathetic activity (19) . Regardless of with or without positive pressure ventilation, negative correlations between CVrr and PaCO2 were present in any groups of DMD patients (Table 3 & Fig. 1) . The ventilator effect on CVrr would be small, and would not have affected the negative correlation between CVrr and T a b l e 3 . CVr r a n d Hy p e r c a p n i a PaCO2 in this study.
Can hypercapnia be estimated by CVrr?
When CVrr was larger than 5%, 84% of patients had no "hypercapnia". This indicates that most of these patients did not have respiratory problems. In contrast, when CVrr was less than 3%, most of them had respiratory problems. About half of these patients had severe hypercapnia. This indicates that we should carefully examine the respiratory condition in patients with CVrr <3%.
In conclusion, we found that CVrr was negatively correlated with PaCO2, and we propose that low CVrr is one of the signs of respiratory insufficiency in patients with Duchenne muscular dystrophy.
